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Abstract. Cardiac output (CO) is a critical circulatory parameter and, in correlation with other 
parameters, it gives an accurate overview of the hemodynamic status of critical care patients. 
 Continuous CO monitoring has been intensively studied and many invasive as well as non-
invasive methods have been developed, targeting accuracy, feasibility, efficiency and safety for the 
patient. All of these methods have both advantages and disadvantages, which need to be correctly 
understood in order to evaluate a patient’s response in the clinical setting.  
Out of all animal species, the pig is one of the most used models in experimental hemodynamic 
analysis, having the advantage of a physiology that mostly resembles the human one. Therefore, the 
species is most suitable for research targeting human medicine. 
The aim of this paper is to review the available literature in correlation with the clinical reality, 
so as to offer an objective and helpful opinion on the topic.  
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INTRODUCTION 
Cardiac Output (CO) is defined as the volume of blood pumped by the heart in the 
bloodstream during a period of one minute (1). It is calculated by multiplying heart rate (HR) 
with stroke volume (SV) and is usually measured in L/min. 
CO = HR x SV, where HR represents the number of heart beats per minute, and SV represents 
the volume of blood pumped from a ventricle with each beat (generally refers to the left 
ventricle). 
Cardiac output is influenced by the evolution of both of these parameters. 
SV is calculated by subtracting End Systolic Volume from End Diastolic Volume. 
SV = EDV – ESV, where EDV represents the volume of blood in the left ventricle at the end 
of diastole (in ml), and ESV represents the volume of blood in the left ventricle at the end of 
systole (in ml). 
Stroke volume is influenced by preload, afterload and contractility. 
Cardiac index (CI) represents cardiac output divided by the body surface area (BSA), 
being measured in liters per minute per square meter (l/min/m2). 
CI = CO/BSA 
 
MATERIAL AND METHODS 
We performed a search based on the Anelis Summon Platform (2) using the following 
keywords: cardiac output, monitoring, cardiac arrest, resuscitation, pig, thermodilution, 
arterial waveform analysis, haemodynamic parameters, return of spontaneous respiration, and 
selected corresponding publications in both human and veterinary medicine. In order to find 
specific manufacturing details of the monitors used in the described techniques, a Google 
search was performed.  
 
RESULTS AND DISCUSIONS 
CO monitoring represents a useful tool in assessing the mechanical function of the 
heart and is generally recommended to be used for properly and efficient evaluation of the 
cardiovascular function in conjunction with ECG (cardiac arrhythmias and myocardial 
environment) and arterial blood pressure in the management of critical care patients. Based on 
the specific information gathered, a more specific treatment can be established and adjusted 
accordingly (3).  
Continuous CO monitoring has been intensively studied and many invasive as well as 
non-invasive methods have been developed, targeting accuracy, feasibility, efficiency and 
safety for the patient. Ideally, CO monitoring has to be non-invasive/minimally invasive for the 
patient, sustained and precise regardless of the type and severity of the patient’s condition, 
reasonable priced and simple to use. However, all methods have both advantages and 
disadvantages, which need to be correctly understood in order to evaluate a patient’s response 
in the clinical setting and to optimize the appropriate therapy.  
In humans, CO is currently determined through three invasive methods, Fick method, 
indicator-dilution method and thermodilution method (4), but there are strong evidences that 
new non-invasive methods are at least as effective; in addition, minimally invasive methods 
like PICCO and FloTrac/Vigileo gather for the patient and clinician an useful benefit. 
Thermodilution method has been used most commonly, is considered until present 
the golden standard and has demonstrated its utility, reliability and accuracy both in research 
studies and clinical practice. Thermodilution method allows the measurement of CO, EDV, 
SVR, SV, PAP, PAWP (pulmonary artery occlusion pressure), and other measured and 
derived parameters being recommended for patients with severe trauma, cardiogenic, 
hemorrhagic and septic shock, undergoing major surgery, ARDS (Acute Respiratory Distress 
Syndrome), etc.  
It requires a PAC catheter (pulmonary artery catheter, Swan-Ganz catheter) that is 
classically flow-directed placed, and needs five consecutive measurements after the 
administration of a small quantity of cold sterile bolus solution, the final value being the 
average of three most tightly related values. Because essentially it is a bolus CO technique, 
the continuous measurement is impossible. 
It demands a difference between the patient’s blood temperature and administered 
solution temperature of at least 10ºC (5) and approximately 6 minutes for one measurement.  
An alternative method is using PAC catheters which have an integrated thermal filament that 
periodically warms a quantity of blood instead of using boluses of cold solution (6). This 
method (Vigilance II Monitor, Edwards Lifesciences) has the major advance that it can 
monitor the CO continuously, permitting immediate therapeutic intervention and evaluation 
of the response to intervention, saving time for the clinician and eliminating some 
inaccuracies associated with the bolus technique (7). 
Limitations in thermodilution method are related to rapid changes in body 
temperature, mitral regurgitation, septal defects, hypothermia; errors in measurement may be 
related to operator error, temperature transduction, intracardiac shunt, abnormal hematocrit, 
cardiac arrhythmias (5,8). 
PICCO (Pulse Contour Cardiac Output) method is a complete haemodynamic 
monitoring technique based on a combination between transpulmonary thermodilution and 
arterial waveform analysis, the thermodilution method being necessary for initial and 
intermittent calibration and continuous measurements of CO are made by pulse pressure 
waveform analysis (6). A cold saline solution is injected via the central venous catheter of the 
patient and the temperature measurements are made downstream with the aid of a catheter 
inserted an arterial line (ex. Femoral). Thermodilution measurement is based on a modified 
Stewart-Hamilton equation; the computer performs the calibration and CO is continuously 
generated as a result of arterial waveform analysis. It is less invasive when compared with 
PAC thermodilution method and usually necessitates calibration every 8 hours but sometimes 
more frequently (every time there is an important change in arterial compliance), being useful 
for critically ill patients.  
The main parameters measured are CI, GEDI (Global Enddiastolic Volume Index), 
ITBI (Intrathoracic Blood Volume Index), SVV (Stroke Volume Variation), SVRI (Systemic 
Vascular Resistance Index), ELWI (Extravascular Lung Water Index). Contraindications of 
the method are mitral and tricuspid insufficiency, intracardiac shunt, extracorporeal 
circulation, aortic aneurysm, aortic stenosis and macro lung embolism (9).  
Jesus Lopez-Herce et al. in a prospective study (10) in 2011, study the evolution of the 
hemodynamic, respiratory and tissue perfusion parameters during three periods – asphyxia, 
resuscitation and post-resuscitation – based on an infant animal model of asphyxial cardiac 
arrest. The study was made in seventy one two month old piglets with a mean weight of 
approx. 9 kg, cardiac arrest being induced by disconnection for a minimum of 10 minutes of 
the anesthetized animals from the mechanical ventilator. For the entire period of the 
experiment, animals were kept under sedation and muscle relaxation by continuous 
intravenous infusion of propofol, fentanyl and atracurium, thus avoiding the occurrence of 
spontaneous respirations. Cardiac arrest was defined as “a heart frequency less than 60 beats 
per minute and systolic arterial pressure less than 30 mmHg”, the resuscitation protocol used 
being the classic advanced life support – CPR (100 chest compressions per minute, 20 
mechanical ventilations with 100% oxygen per minute), with the addition of adrenaline and 
bicarbonate. Monitoring had included ECG, peripheral oxygen saturation, cerebral and renal 
saturation, spirometry, gastric tonometry and blood gases, CO monitoring method used being 
PICCO (Pulsion Medical Systems, Munich, Germany), all parameters being recorded as 
follows: at baseline, during asphyxial period, during the 20 minutes CPR period and during 
the 30 minutes of post-ROSC period (return of spontaneous respiration).  
The evolution of the cardiovascular parameters and particularly CO parameters when 
compared with baseline suffered a significant decrease in cardiac output until non-detectable, 
and an increase in ELWI – during asphyxial period; CI decreased progressively during CPR 
period; after ROSC restoration of global parameters appeared, CI had a significant increase 
followed by a progressive decrease, ITBI, GEDVI had a small increase but under pre-arrest 
values, ELWI had an elevated value immediately after ROSC, progressively returning to 
lower than pre-arrest values. The authors are concluding that the PICCO method is a good 
hemodynamic monitoring tool, being less invasive than thermodilution method. 
A second study (11) performed by the same authors (Jesus Lopez-Herce et al.) had analyzed 
the correlations between aforementioned parameters, in an attempt to prove if global standard 
parameters are efficient in assessing tissue perfusion during the same condition, asphixial 
cardiac arrest, and if other parameters like oxygenation parameters and tissue perfusion 
parameters are good enough to serve as endpoints of directed post resuscitation therapy. 
Accordingly, their conclusion was that there is poor correlation between global 
hemodynamic parameters, oxygenation parameters and tissue perfusion parameters during 
asphixial cardiac arrest and immediately after ROSC, and methods minimally invasive like 
PICCO are helpful in monitoring CO, it’s derived parameters having their role in global 
hemodynamics, additional studies targeting also tissue perfusion/oxygenation parameters 
being needed.  
Xanthos T. et al. in a study (12) in 2007 are describing their experimental method of 
provoking SCD (sudden cardiac death) in healthy Landrace/Large White anesthetized pigs 
with a pacemaker lead inserted up to the right ventricle and a 9 V lithium battery, followed 
after 5 min. by  resuscitation in conformity with the international guidelines on human 
resuscitation. They had used 15 piglets, males and females, 10-15 weeks old-aged, approx. 20 
kg, from which 7 animals were successful resuscitated, all animals being anesthetized with a 
protocol based on midazolam, ketamine, propofol, cis-atracurium and fentanyl. Monitoring 
included ECG, cerebral oximetry (NIRS, near infrared spectroscopy), pulse oximetry, MAP 
(mean arterial pressure), CPP (coronary perfusion pressure) and PETCO2 (end-tidal CO2 
pressure). For measuring CO and RAP (right atrial pressure), thermodilution method was used 
by inserting into the pulmonary artery a 7F pentalumen thermodilution catheter connected to a 
compatible pressure transducer.  
From the haemodynamic observations shown, they are demonstrating that during 
baseline period there are no differences between the two groups studied, survivors and non-
survivors; MAP dropped significantly in the VF (ventricular fibrillation) period, had started to 
elevate in the BLS period, had elevated further in the ALS period (when compared with 
baseline), with significant differences between survivors and non-survivors (P<0.05; lower 
values in non-survivors); CPP had the same evolution, with P<0.05 between the two groups in 
the period of precordial compression; PETCO2 decreased in the VF period (when compared 
with baseline), increased in the resuscitation period but with significantly lower values in non-
survivors; other pursued haemodynamic variables were found with no significant differences 
between the two groups.  
Jun-Yuan Wu et al. in a study targeting CPR chest compression quality (13) in 2009 
compared standard manual chest compressions with complete deliverance (S-CC) and clinical 
quality manual chest compressions with incomplete deliverance (C-CC) in a swine model of 
cardiac arrest. They induced VF by electric stimulation in 18 domestic pigs aged of 2-3 
months, app. 30 kg, of both sexes, previously anesthetized with ketamine, propofol, and 
pentobarbital, animals being randomized in the two specified groups before provoking cardiac 
arrest. Both types of chest compressions were objectively pursued by using the HeartStart 
MRx Monitor/Defibrillator with Q-CPR (Laerdal Medical Company & Philips Medical 
Systems) which has incorporated a chest pad sensor (as feedback and measurement system) 
which provide real-time instant audiovisual feedback of compression depth and rate, complete 
chest recoil, hands-off time and ventilation rate. Haemodynamic variables monitored were 
ECG, PETCO2, MAP, AOP (aortic pressure), CPP and blood gases. RAP, SvO2 (mixed 
venous oxygen saturation) and CO were monitored by using a 7 F Swan-Ganz catheter and 
Vigilance II Monitor (Edwards Life Sciences). 
The results of the study shows no significant differences between the two groups for 
CO, MAP, CPP, SvO2, lactate during baseline period and VF period, but significant 
differences during CPR period (aforementioned haemodynamic variables were more elevated 
in the S-CC group when compared with C-CC group). CO dropped significantly in the VF 
period (when compared with baseline), had increased in the CPR period, but did not reach 
pre-arrest values; significant greater values were measured in the S-CC group. In addition, the 
paper confirms the results of earlier studies according to which during CPR increased 
profoundness of the chest compressions is correlated with better CO, and incomplete recoil of 
the thoracic wall during decompression has a negative impact on MAP, CPP, and finally 
ROSC. 
In another study made by J. Gu et al. (2009) (14) in pigs undergoing abdominal 
multivisceral transplantation, they are describing the evolution of the hemodynamic variables 
including CO. They had anesthetized ten male pigs (weighing 50-70 kg) using a similar 
protocol and intraoperatively instrumented with PAC, TEE (transesophageal 
echocardiography) and PICCO. The first two animals that received a PAC were monitored for 
CVP, MPAP and PCWP; from the next three animals that received a TEE (for monitoring 
CO, SV, EF and LEDV), the last one had received also a 5-Fr PICCO arterial catheter for 
monitoring CI, SVRI, EVLW and ITBV.  
All mentioned hemodynamic variables were registered at specific points during the 
surgical procedure: baseline, 5 min. before and then after anhepatic phase, 5 min. before and 
then after reperfusion and when the surgical experiment was finished. Interesting, although 
the experiment was not planned to have VF, they met this phenomenon in the first two 
patients. The conclusion of the authors was that the hemodynamic information in these two 
cases (with PAC) was insufficient, triggering deficient fluid and anesthetic management. 
MAP was maintained stable until after reperfusion phase; CVP, MPAP and PCWP were 
maintained stable; CO and SV progressively decreased; LEDV had decreased more or less, 
depending on the phase of the experiment; all variables had returned to baseline values at the 
end of the experiment. Hemodynamic variables read with PICCO had triggered optimal 
management; CI had decreased from baseline in reperfusion phase but had increased after 
reperfusion; SVRI had increased at the phase of organ removal; EVLW and ITBV had 
insignificant changes during the experiment. 
Other methods also have been used for monitoring CO in experimental cardiac arrest 
and resuscitation in pigs and, in our clinic, we studied the Flotrac/Vigileo method (Edwards 
Lifesciences) (data not shown here), and, although basic cardiac physiology in swine 
resembles the human one, we consider a comparison of this method with an approved one for 




 Advanced knowledge of physiology is needed to understand, properly interpret 
and take therapeutic decisions based on the haemodynamic parameters measured and derived 
from CO monitoring.  
 Regardless of the method used, it has its advantages and disadvantages, and the 
choice has to be a resultant between patient’s demands, clinician’s experience and hospital 
available facilities.  
 Further research is necessary for establishing these parameters and their possible 
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